-ATPase. Exogenous ouabain is derived from oleander. Hamlyn confirmed exogenous ouabain and endogenous ouabain (EO) were completely the same with respect to molecular weight and biological characteristics, and that the physiological concentration of EO is 0.3-0.6 nmol/l. 1) Several CSs that have been used in the treatment of congestive heart failure as positive inotropic agents have already been shown to display marked anti-proliferative effects, targeting the first 4 to 6 transmembrane region of the Na ϩ /K ϩ -ATPase a subunit.
2) Retrospective epidemiological studies conducted during the late 20th century revealed surprising results: very few patients maintained on CS treatment for heart problems died from cancer, suggesting their possible use in oncology.
3) The research showed ouabain could inhibit human cancer cell lines in vitro, and could promote normal cell proliferation at low doses. [4] [5] [6] [7] [8] [9] The main reason was the expression of Na ϩ /K ϩ -ATPase in cancer cells was higher than that in normal cells, and provided more binding sites for CSs. Previous research has shown the Na ϩ /K ϩ -ATPase a1 subunit was highly expressed in malignant cells, including human prostate cancer PC-3, DU-145 cells, human non-small cell lung cancer (NSCLC) A549 cells, 10) glioblastomas Hs683, U373-MG, U87-MG, T98G cells, 11) and breast cancer MCF-7 cells. 12) Mijatovic found that cell invasion and proliferation were significantly reduced after knockdown of the Na ϩ /K ϩ -ATPase a1 subunit expression in NSCLC (A549) cells. 13) These findings indicated that the Na , which provides the driving force for the transport of other solutes, notably amino acids, sugars, and phosphate. 14) The ionic homeostasis maintained by this pump is critical for cell growth, differentiation and cell survival. 15) They also play a crucial role in the establishment of modulation of cell migration and cell-cell interactions. 16, 17) Ouabain can inhibit the activity of this pump, causing an increase in the intracellular Na ϩ concentration, cytomembrane depolarization, activation of the Ca 2ϩ channel dependent voltage, and an influx of extracellular Ca 2ϩ . 18) High intracellular concentrations of Ca 2ϩ are involved in the double strand breaks of deoxyribonucleic acid (DNA) and induced cell apoptosis. 19) In addition to transporting ions, Na ϩ /K ϩ -ATPase interacts with adjacent membrane proteins and participates in cytosolic cascades of signaling proteins to send messages to intracellular organelles. The signaling pathways that are rapidly activated/elicited by the interaction of CSs (like ouabain) with the Na ϩ /K ϩ -ATPase and which are independent of changes in intracellular Na ϩ and K ϩ concentrations, include the activation of Src kinase, transactivation of the epidermal growth factor receptor (EGFR) by Src, 20, 21) modulation of nuclear factor (NF)-kB activity, 22, 23) activation of Ras and P42/P44 mitogen-activated protein kinases (MAPKs), and increased generation of reac- -ATPase a a1 siRNA could inhibit HepG2 cell proliferation. Ouabain could induce HepG2 cell apoptosis and generate S phase arrest, and siRNA could enhance the anti-cancer effect of ouabain that induced HepG2 cells apoptosis via an intracellular Ca 2؉ ؉ and ROS increase-mediated, and generated cell cycle S phase arresting by decreasing the CyclinA1/cyclin-dependent kinase 2 (CDK2)/proliferating cell nuclear antigen (PCNA) complex product and increasing the expression of cyclin-dependent kinase inhibitor 1A (P21 tive oxygen species (ROS) by mitochondria. 12) We believe that ouabain can induce DNA double strand breaks by increasing the intracellular free Ca 2ϩ and ROS concentrations. In China, HCC ranks 3rd in terms of the mortality rate of malignant tumors. Ten to 20% of HCC patients are treated surgically, while others may only undergo anti-cancer drug chemotherapy. However, multi-drug resistance (MDR) has emerged for a variety of anti-cancer agents, such as anthracene ring anti-cancer antibiotics, alkaloids, and the podophyllotoxin class of drugs, 24) hence, it is imperative that new targeted drugs for treating HCC be identified. Mijatovic reported that Na ϩ /K ϩ -ATPase is the Achilles heel of multidrug-resistant cancer cells, and their data showed that CSs compound could be especially applicable to notoriously drug-resistant cancers. 25) In this study, we investigated the expression of the Na ϩ /K ϩ -ATPase a1 subunit in normal liver tissues, HCC tissues and HCC cell line. We studied the anti-cancer effect of ouabain and Na 
MATERIALS AND METHODS
Compounds Drugs and reagents were purchased as follows: Ouabain (Sigma, U.S.A.). Na Clinical Samples and Cell Cultures The liver samples studied were obtained from 32 HCC tissues, and 12 normal tissues were obtained at the margins of the surgically resected HCC. These samples were used after obtaining approval from the Tianjin 3rd Central Hospital Ethics Committee. Human HCC cells (HepG2, Bel-7402, SMMC-7721) were obtained from the China Union Medical University of Blood Institute. Cells were cultured in H-Dulbecco's modified Eagle's medium (DMEM) medium (Gibco/BRL) supplemented with 10% (v/v) fetal bovine serum (FBS) in 5% CO 2 at 37°C.
Immunohistochemical (IHC) and Immuocytochemical (ICC) Detection IHC studies were done using standard streptavidin-biotin-peroxidase complex method. 26) In brief, the sections were deparaffinized and rehydrated. Endogenous peroxidase activity was blocked with 0.3% hydrogen peroxide for 15 min. For antigen retrieval, the slides were microwave treated in 10 mmol/l citrate buffer (pH 6.0) for 10 min. Nonspecific bindings were blocked with 10% normal goat serum for 10 min; the slides were incubated with Na ϩ /K ϩ -ATPase a1 subunit antibody (Ab) (1 : 100 dilution) at 4°C overnight in a moist chamber, respectively, the slides were sequentially incubated with rabbit anti-goat antibody at a concentration of 1 : 100 for 30 min at 37°C. To exclude false reactions, a negative control was done in every test by replacing the primary antibody with blocking serum. More than 5% of the cells stained were identified as a positive result. Finally, all slides were counterstained for nuclei with hematoxylin, dehydrated, and mounted. ICC studies were performed as follows: HCC (HepG2, Bel-7402, SMMC-7721) cells with a density of 6.0ϫ10 5 cells/well were seeded onto coverslips and cultured for 24 h, and then the cells were fixed with methanol for 30 min, and endogenous peroxidase activity was blocked with 0.3% hydrogen peroxide for 15 min. Nonspecific bindings were blocked with 10% normal goat serum for 10 min, the slides were incubated with Na ϩ /K ϩ -ATPase a1 subunit-Ab (1 : 100 dilution) at 4°C overnight in a moist chamber, and the coverslips were sequentially incubated with rabbit anti-goat antibody at a concentration of 1 : 100 for 30 min at 37°C. Finally, all coverslips were counterstained for nuclei with hematoxylin, dehydrated, and mounted. The expression of the Na 
Flow Cytometry Analyses for Determining Cell Cycle
The HepG2 cells were treated with different treatments (control, 0.03 mmol/l siRNA, 0.1 mmol/l ouabain, combination group) for 24 h at 37°C, and then the cells were collected for fixation in 70% ethanol. After washing with phosphatebuffered saline (PBS), the cells were resuspended in 1 ml of PBS containing 1 mg/ml RNase and 50 mg/ml propidium iodide (PI) and incubated for 30 min in the dark at room temperature (RT) before analysis by flow cytometry (Becton Dickinson). Sub G0/G1, S, and G2/M cells were gated out as appropriate. PI fluorescence was measured in the FL3 channel (670 nm long pass filter) after cell doublets were ex-cluded by pulse processing. Ten thousand cells were counted per sample. The cell debris was excluded from analysis by appropriately raising the forward scatter threshold. The data were analyzed with CellQuest software.
Assessment of Apoptosis by Hoechst 33342 Staining Hoechst 33342 staining was carried out. Briefly, the HepG2 cells were plated on 6-well chamber slides (Fisher Scientific) at a density of 5ϫ10 4 cells/well. After treatment, the cells were fixed with ice-cold methanol : acetic acid (3 : 1) at room temperature for 10 min, washed with ice-cold PBS buffer twice, and then loaded with Hoechst 33342 (10 mg/ml) for additional 10 min. The changes in the nuclei of the cells after Hoechst 33342 staining were observed under a fluorescent microscope (Olympus, BX-60, Japan).
Intracellular Ca 2؉ ؉ and Reactive Oxygen Species (ROS) Concentration Measurement Cells were cultured on confocal culture dishes to approximately 70% confluence and then exposed to ouabain and siRNA for 24 h. The fluorescence indicator Fura-3/AM and H 2 DCFDA (Molecular Probes, Invitrogen) were reconstituted into dimethyl sulfoxide (DMSO). The final concentration of Fura-3/AM and H 2 DCF-DA in each sample was 10 mg/ml, and the final concentration of DMSO in each sample was less than 0.1%. The cells were loaded in the dark for 60 min at 37°C. Then, the cells were washed for 30 min in Krebs buffer and the fluorescence images were captured with a confocal microscope (FV500, Olympus, Japan). The excitation wavelength was 488 nm and the emission wavelength was 510 nm. The fluorescence intensity was assessed by Image-Pro Plus 6.0 software.
Isolation of Total RNA and Quantitative Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) Total RNA was extracted from HepG2 cells treated with different treatments (control, 0.03 mmol/l siRNA, 0.1 mmol/l ouabain, ouabain plus siRNA) for 24 h (2ϫ10 6 cells/ml) using Trizol reagents (Promega, U.S.A.) according to the manufacturer's instruction. Reverse-transcription reaction components were as follows: total RNA (1 mg), random primers (25 pmol/l), oligo dT primers (50 pmol/l), primerscript TM RT Enzyme MIX I (0.5 ml) and 5ϫRT buffer. The reaction volume was brought up to 10 ml with nuclease-free water. All components were mixed on ice and reacted for 15 min at 42°C and 20 s at 85°C. PCR reaction components were as follows: RT product mix (2 ml), primers (0.5 mmol/l of each, for sequences see Table 1 ), 2ϫSYBR @ Premix Ex Taq TM (12.5 ml). The reaction volume was brought up to 25 ml with non-bacterium water. The usual temperature programs were 5 min at 94°C, then 45 s at 94°C for 40 cycles, 1 min at 60°C, and 1 min 72°C, followed by a final 10 min extension at 72°C. The comparative CT method (2 ϪDDCT method) was used to determine the expression level of analyzed genes. DCtϭCt Gene Ϫ Ct b-actin , DDCtϭDCt treated ϪDCt control . Western Blotting Analyses Total protein was extracted from HepG2 cells treated with different treatments (control, 0.03 mmol/l siRNA, 0.1 mmol/l ouabain, combination group) for 24 h (2ϫ10 6 cells/ml) using lysis buffer (50 mM TrisHCl, pH 7.4, 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 5% (v/v) b-mercaptoethanol, 1% Nonidet P-40, 0.25% sodiodeoxycholate, 5 mg/ml leupeptin, 5 mg/ml aprotinin, 0.2 mM phenylmethylsulfonylfluoride). The proteins were electrotransferred to polyvinylidene fluoride (PVDF) membranes (Millipore, U.S.A.) in transfer buffer containing 48 mmol/l Tris-HCl, 39 mmol/l glycine, 0.037% SDS, and 20% methanol at 4°C for 1 h. Nonspecific binding to the membrane was blocked for 1 h at RT with 5% nonfat milk in Tris-buffered saline with Tween-20 (TBST) (20 mmol/l Tris-HCl, 150 mmol/l NaCl, and 0.1% Tween 20). The membranes were incubated for 16 h at 4°C with various primary antibodies in blocking buffer containing 5% nonfat milk at the dilutions specified by the manufacturers. After washing in TBST buffer, the membranes were then incubated with horseradish peroxidase-conjugated secondary antibody (KPL, U.S.A.) for 2 h at RT in 5% nonfat milk dissolved in TBST. Membranes were washed with TBST buffer and the signals were visualized using a SuperSignal West Pico chemiluminescent substrate kit (Pierce Biotechnology, U.S.A.). Quantification of Western blots was performed using Bandscan 5.0 software.
Statistical Analysis The results were analyzed by analysis of variance (ANOVA) and multiple comparison was conducted to determine the statistical significance. The data are expressed as the mean value for 3 independent assaysϮS.D. The statistical significance between means was verified by Sheffe's comparison test accepting ( * pϽ0.05, * * pϽ0.01) as significant. (Fig. 1) . Figure 2 shows that HepG2 cells could be seen as faint to bright green fluorescence with 0.03 mmol/l FITC-negative control siRNA for 24 h by confocal microscopy, and the transfection efficiency was 95.79Ϯ3.77%.
RESULTS

Na
Assessment of Transfection Efficiency
Ouabain and siRNA Inhibited HepG2 Cell Proliferation HepG2 cells were exposed to different concentrations of ouabain (1, Figure 3B shows that siRNA could inhibit HepG2 cell growth in a dose and time-dependent manner ( * pϽ0.05). Figure 3C shows that the combination group was significantly different compared to the ouabain group ( * pϽ0.05), while the negative control (negative control plus 0.1 mmol/l ouabain) group was not different compared to the ouabain group (pϽ0.05).
Ouabain and siRNA Induced Cell Cycle Arrest at the S Phase in Human HepG2 Cells After treatment with different reagents (0.03 mmol/l siRNA, 0.1 mmol/l ouabain, and in combination) for 24 h, an appreciable arrest of cells at S phase was observed, accompanied by decreased cell numbers at the G 0 /G 1 and G 2 /M in Fig. 4 . The proportion of cells in S phase was 24.2Ϯ1.52% in the control group at, 29.4Ϯ1.44% in the siRNA group, 66.5Ϯ2.66% in the ouabain group, and 73.2Ϯ2.84% in the combination group. The siRNA group cells were not significantly different at S phase compared with the control group ( * pϾ0.05), the proportion of ouabain and combination group at S phase increased significantly compared with the control group ( * pϽ0.05), and the proportion of combination group at S phase was increased significantly compared with the ouabain group ( a pϽ0.05).
Effect of Ouabain and siRNA on HepG2 Cell Apoptosis
We analyzed the effects of ouabain and siRNA on the induction of apoptosis using Hoechst fluorescence and flow cytometry. In Fig. 5 , morphological changes were induced in the ouabain and combination groups, which were characteristic of apoptosis in HepG2 cells. Control cells displayed excellent growth characteristics. The ouabain and combination groups evoked typical apoptotic features of cells such as membrane blebbing, cell shrinkage and detachment, and nuclear condensation and fragmentation. Flow cytometric analysis of HepG2 cells exposed to ouabain or the combination confirmed the morphological observations above. As shown in Table 2 Fig. 6 and Fig. 7 , the fluorescence intensities of ouabain and combination group were significantly different compared with the control group ( * pϽ0.05), and those of the combination group were different compared with the ouabain group ( a pϽ0.05). Na creased, while P21 CIP1 was increased ( * pϽ0.05); the expressions of Mapk1, CyclinA1, CDK2, PCNA mRNA in the combination group were all decreased, while P21 CIP1 was increased, as compared to the control ( * pϽ0.05); and the Na The data represent the meanϮS.D. of three experiments, each conducted in triplicate. The ratios in the ouabain and combination groups were significantly different compared with the control group ( * * pϽ0.01), and the ratio in the combination group was significantly different compared with the ouabain group ( a pϽ0.05). 28) The results of the present study also suggest overall higher levels of the Na ϩ /K ϩ -ATPase a1 subunit in a large proportion of clinical HCC tissue samples compared with normal liver tissue, and the a1 subunit of the three kinds of HCC (HepG2, SMMC-7721 and Bel-7402) were significantly higher. The expression level of HepG2 cell a1 subunit was the highest, and its level of differentiation was the lowest. We found that inhibiting the activity of Na Ouabain has been used as treatment for congestive heart failure, but a narrow therapeutic index related to its inotropic effects has hindered its development as an anti-cancer agent. Ouabain has demonstrated in vitro anti-tumor activity against a range of cancer types including glioma with oleandrin, for example, demonstrating suppression of NF-kB activation, induction of apoptosis, and potentiation of the proapoptotic effects of cytotoxic drugs. 29, 30) Recent studies have found that decreasing a1 subunit expression using specific siRNA markedly altered A549 NSCLC cell and U373-MG GBM cell morphology, impaired proliferation and migration via an intracellular adenosine triphosphate (ATP) decrease-mediated disorganization of the actin cytoskeleton and cytotoxic proautophagic effects, or by increasing the intracellular Ca 2ϩ , ROS concentration. 10, 11) In our study, we found ouabain could induce HepG2 cell apoptosis by increasing the intracellular Ca . 32) For intracellular free Ca 2ϩ to be a sort of second messenger, it is essential to maintain the ion balance and signal transduction in physiological concentrations, although a higher concentration of intracellular free Ca 2ϩ could participate in the double strand breaks of DNA in reducing cell apoptosis, including activating Ca 2ϩ /Mg 2ϩ dependent nucleate endonuclease, inhibiting topoisomerase I, II activity, and inducing changes in chromosomal structure.
33) The main reasons for the increased ROS concentrations by ouabain in HepG2 cells were as follows: ouabain could reduce the glycolysis level of HepG2 cells, decreasing the production of Nicotinamide-Adenine Dinucleotide Phosphate (NADPH). NADPH is necessary to eliminate ROS in tumor cells. The increasing intracellular ROS concentration could generate the DNA damage, and induce cell apoptosis.
34) The low concentration ROS induces the permeability transition pore (PTP) of mitochondria opening, and promotes the release of greater quantities of ROS. In addition, the increasing intracellular ROS concentration increased the intracellular Ca The cell cycle checkpoint is an essential control mechanism for maintaining genome stability. Ca 2ϩ and ROS induced double strand breaks of DNA are one of the most important initiation signals of cell cycle arrest. In eukaryotes, the damaged DNA could be repaired by either homologous or non-homologous recombination. The cells with repaired DNA would successfully pass the cell cycle checkpoint, while the unrepaired cells would not pass the cell cycle checkpoint. Apoptosis is a form of cell death designed to eliminate unwanted host cells through activation of a coordinated, internally programmed series of events affected by a dedicated set of gene products. Apoptosis is induced by Ca 2ϩ and ROS, which is one of the most common mechanisms of cell death. 35) As shown in our data, ouabain caused a typical S cell cycle arrest and apoptosis in HepG2 cells, and induced typical apoptotic features of cells such as membrane blebbing, cell shrinkage and detachment, and nuclear condensation and fragmentation. The progression through the mammalian cell cycle was regulated by the sequential activation of CDKs at specific phases of the cell cycle. CDKs activities were dependent on association with cyclins, cofactors whose levels oscillate throughout the cell cycle. PCNA, a positive regulator of DNA synthesis, binds to cyclin/CDK complexes to regulate the cell cycle. As cyclin levels fluctuate, associated CDK activities fluctuate accordingly. Cyclins also contribute to the substrate specificity of CDKs. P21 CIP1 as a negative regulator of the cell cycle inhibited the activities of CyclinA/CDK2/PCNA complexes. [36] [37] [38] The CyclinA/CDK2/ PCNA complexes played a critical role in regulating the process of S phases into G 2 /M phases. Our data showed that ouabain could down-regulate the expression of CyclinA, CDK2 and PCNA, and up-regulate the expression of P21 CIP1 on HepG2 cells. The findings showed that ouabain could cause cell cycle S arrest, while siRNA could enhance the anticancer effect of ouabain on HepG2 cells.
Our data support the view that Na 39) The alkaline environment within cancer cells plays critical roles in cell proliferation. CSs inhibits Na ϩ /K ϩ -ATPase, and activates the Na ϩ -H ϩ exchanger, thereby changing the alkaline environment within the tumor cells to promote apoptosis. 40) Finally, the tumor cell proliferation generated a great quantity of ROS, however, ROS could be maintained at normal levels by increasing the level of glycolysis. CSs could inhibit glycolysis in tumor cells, reducing the ROS clearing, and induce tumor cell apoptosis, but the normal cells did not produce high levels of ROS, thus CSs would not produce an effect in normal cells. All of the above suggest CSs as a new anti-cancer agent is feasible.
In summary, we have shown that ouabain and siRNA could inhibit the growth of HepG2 cells, ouabain could induce HepG2 cells apoptosis by increasing Ca 2ϩ and ROS concentration, and generate cell cycle S arrest by decreasing the production of CyclinA/CDK2/PCNA complexes and increasing the production of P21
CIP1
.The siRNA could enhance the anti-cancer effect of ouabain in HepG2 cells, providing new sight into the treatment of HCC. In future studies, we hope to establish animal models in order to investigate whether the Na ϩ /K ϩ -ATPase is correlated with the occurrence and development of HCC.
